An assay system for the in vitro transcription of the lac operon is described. A protein factor (CAP) and cyclic AMP, which are essential for lac expression in vivo, also stimulate lac transcription in vitro.
Until recently, the study of the expression and regulation of bacterial genes has depended on physiological and genetic studies. In the last few years, the detection and purification of regulatory proteins has opened up the possibility for studying regulatory effects in vitro [e.g., lac (1), X (2), T4 (3), T7 (4) ].
In the case of bacteriophage genomes, studies on in vitro transcription have concentrated on regions of the phage genomes (e.g., early and late), for the most part, rather than specific genes. In bacterial systems, however, one must be able to detect the RNA transcription of a relatively very limited number of genes, usually those comprising an operon. This means that ideally for in vitro studies, an assay system for mRNA must be developed that can pick up specifically the mRNA species from a single operon. Here, we describe such a system for the lac operon.
Among many transducing phages isolated that carry the lac operon, two have been described which have no other genes in common than the lac genes. These two phages, Xplac 5 and 480plac 1, have been used, in fact, to isolate pure lac DNA (5) . Thus, an assay system for specifically detecting lac mRNA exists, either through the use of the pure lac DNA or through use of the two phage DNA molecules, one as a template for RNA transcription and the other for RNA-DNA hybridization.
In this paper we describe the use of the hybridization procedure for studying in vitro transcription of the lac operon. These studies have allowed us to show that a protein factor (CAP) and cyclic AMP (cAMP), which are essential for lac expression in vivo, act on the transcription process. The study of regulatory effects in vitro, specifically effects of lac repressor that strand from which the RNA is transcribed. In vitro, the b2 region of X is transcribed from both strands (6) . A brief description of the origins of the two phages is presented elsewhere (5). The 480pilc behaves like an int-phage, suggesting deletion of some genes to the left of N. Although in the 80plac all y-distal bacterial genes were removed in the construction of the phage, there are probably still bacterial genes adjacent to the i gene. We do not know how much of the b2 region is intact in Xplac5. For maps of X describing the markers, see refs. 7-9. For convenience, the 4)80 marker notation is identical with that of X. The iinm8O notation refers to o80 immunity and imm X to X immunity region.
that with q80plac, it is the 080plaCH strand and with Xplac, the XplaCL strand that is complementary to lac mRNA made in vivo (5) . One of the criteria, then, for determining whether the lac genes are being transcribed accurately in vitro is whether the RNA made from 080plac is complementary to the XplaCL strand only; i.e., asymmetric transcription. The data in line 2 of Table 2 show that transcription of lac genes in 480plac DNA occurs from both strands, predominantly from the incorrect strand! This result is not unpredicted if one considers the structure of the phage genome as outlined in Fig. 1 . Transcription from the 480 "N" gene should be initiated in this system (17) and proceed onto the incorrect strand of the lac region. [We show elsewhere that an RNA termination factor, p, which eliminates transcription of the region to the left of N (17), does the same to the incorrect transcription of the lac genes seen here (15) .] The figures in parentheses are the % of total input counts (40,000 cpm).
Phage lysates were prepared as follows: 106-107 phage particles were plated onto TYE plates (12) with M top agar (12) (diluted 20% with distilled water) containing 2 X 108 bacteria of a lac deletion strain (M182). After overnight incubation at 370C, 1-2 ml of broth was added to each plate and left at room temperature for an additional hour. The surface of the plates were then scraped and the mixture of phage, bacteria, and agar was treated with chloroform and centrifuged twice at 6000 rpm for 15 min. The supernatant containing the phage was concentrated in a Spinco ultracentrifuge at 22,000 rpm for 2.5 hr. The pellet was left overnight at 4VC, covered with Weigle's buffer (120 mM NaCl-0.5 mM MgSO4-6 mM Tris (pH 7.2-7.4) and 50 mg/liter of gelatin). The phage suspension was then brought to a volume of 6 ml, which was centrifuged twice for 18 hr at 22,000 rpm in a CsCl solution of density 1.5 . The band of purified phage was collected and DNA was extracted with phenol. 100 plates ordinarily gave about 2 X 1013 phage.
The detailed procedures for extracting DNA from the phages, for separation of strands (13) , and for hybridization (14) are described in detail elsewhere (15) . Purified (24) and in a crude in vitro system (Zubay, unpublished results). The second promoter mutation, UV5, is a second-site (within the promoter) revertant of L8 which makes approximately 50% of the normal levels of j#-galactosidase in vivo but has resulted in a loss of the requirement for CAP and cyclic AMP both in vivo (25) and in the crude in vitro system (Zubay, unpublished results).
If lac transcription is being initiated as expected in our system, the use of 080plac (L8) DNA should result in a much lower level of correct lac mRNA synthesis and 4080plac (UY5)
DNA should result in high levels of lac mRNA synthesis with no CAP plus cAMP requirement. Contrary to these expectations, we can observe no difference in the pattern of lac transcription among the three [including 080plac-(p+) DNA] different templates (Table 5) . We have considered mainly two explanations for the failure to see regulatory effects of repressor and promoter mutations in our system. First, it is possible that all of the lac transcription we are seeing is due to read-through from a nearby, similarly oriented, CAP plus cAMP-dependent operon, and that conditions are still not appropriate for transcription initiation at the lac promoter. It is known that there are nearby genes to which lac can be fused which are probably also dependent on CAP and cAMP (Silverstone, personal communication; ref. 27) . To test this possibility, we have The promoter-mutant derivatives of 080plac were prepared as follows: 080plac (p+z+) forms blue plaques when plated on a lawn of a lac-deletion strain on minimal-casamino acid plates containing 5-bromo-4-chloro-3-indolyl-(3-D-galactoside (see ref. 26) . A plate lysate of 080plac (p+z+) was made on a strain carrying a z-mutation (NG-545) and white plaques from this lysate on the above plates were sought. These white plaques were made by phages of the type q80plac (p+zi). These plaques were purified and used to make plate lysates on a strain carrying the lac promoter mutation, L8, and on a strain carrying the lac promoter mutation, UV5. From each of these lysates, blue plaques on the lac deletion strain were detected and purified. (080plac (p-4) will still form blue plaques.) These presumed 080plac (p-) and 4,80plac (pr) phages were verified by isolating recombinants between the phage-carried lac region and the kac region of a strain carrying a promoter deletion. The recombinants were assayed for f3-galactosidase activity and shown to have the expected properties.
Conditions are as described in previous tables with 0.1 M KCl and 10-4 M cAMP.
* Input counts, 40,000 cpm.
reversed our system and used Xplac DNA as a template and the separated strands of 080plac DNA for hybridization. The
Xplac, because the i-adjacent region is deleted (Fig. 1) , should be missing the nearby bacterial genes. Here, the RNA made from the correct strand should hybridize to 480placH. Surprisingly, we have found that when we use the Xplac DNA as a template, there is a high level of correct lac transcription in the absence of cAMP and CAP (Table 6) . [This result has been observed in the crude g-galactosidase-synthesizing system also (Zubay, unpublished results).] While we have eliminated neighboring bacterial genes by the deletion, at the same time we have brought the lac genes closer to regions of the X genome (bM and the N-connected early genes) which are known to be transcribed under these conditions (6, 17) . Thus, preliminary experiments show that in order to detect effects at the lac promoter we will have to eliminate the read-through tran- scription from X genes. These experiments are in progress. So far, then, we are unable to rule out this first explanation. A second explanation for the absence of regulatory effects in this system is that initiation of transcription is at the lac promoter, but that conditions are not correct for observing regulation. Using a crude system for in vitro transcription, Ohshima et al. (28) have obtained effects of repressor on the level of transcription.
CONCLUSIONS AND DISCUSSION
The results presented here give evidence on the role of CAP and cAMP in gene transcription. While many of the properties of the system are still not consistent with the expectations from in vivo studies, it is clear that these factors exert their effects upon transcription. In vivo, in the absence of either CAP or cAMP, RNA polymerase is incapable of interacting properly with the lac promoter and most, if not all, other promoters of inducible genes. CAP and cyclic AMP do not appear to act by replacing the a factor of RNA polymerase. CAP may be an additional transcription-initiation factor or an enzyme that in some way modifies RNA polymerase.
The difficulties in analyzing lac transcription even with the specific assay system developed for lac RNA transcription emphasize the problems in studying the transcription of bacterial operons. The phenomenon of read-through transcription, which can be reduced to some extent by the p factor, is one of probably several processes which interfere with the analysis in vitro. One possible way to avoid these problems is to use pure lac DNA as a template for in vitro transcription.
